The use of replication-defective adenoviruses to deliver effectively to use lactose as an energy source; (3) does transgenes into hepatocytes seems to be a promising not affect urea synthesis, plasma protein synthesis and approach to human liver gene therapy. However, the xenobiotic biotransformation activities (1A2, 2A1, 2B6, effects that the adenovirus-mediated expression of a 3A3/5). Glycolysis was moderately increased (approxforeign gene could have on the expression of other hepatic imately 20%), while gluconeogenesis decreased characteristic genes have not yet been properly examined.
Introduction delivered gene was found in that tissue. [13] [14] [15] Gene transfer into hepatocytes is considered a promising A major concern in the future clinical application of approach to compensate for genetic deficiencies, [1] [2] [3] and liver gene therapy is whether the introduction of a different strategies for obtaining effective, yet safe, 'foreign' gene into human liver could compromise the expression of transgenes are presently being explored.
expression of other genes regulating specific functions of Retroviruses have most often been used as vehicles for hepatocytes and, indirectly, the functionality of transproducing a permanent expression of the gene in host duced cells. In the present paper we have addressed this cells. [4] [5] [6] [7] However, as cell division is required for genomic problem by using adult human hepatocytes as an experiintegration of retroviruses 8 and most hepatocytes are mental model and examining several hepatic characterquiescent cells, 9 an efficient retroviral infection of hepatoistic biochemical functions, namely, carbohydrate metabcytes is difficult to achieve. This problem was circumolism, ureogenesis, plasma protein synthesis, drug vented in experimental animals by doing a partial hepametabolizing activities and gene induction, in cells transtectomy to induce hepatocytes to divide. 6 However, this duced with a replication-defective adenovirus carrying approach seems ethically questionable for human liver the lacZ gene. gene therapy. Replication-defective adenoviruses, on the
The results of our work show that the use of an adenother hand, can infect nondividing cells, 10, 11 have been ovirus is a very efficient way to introduce a foreign gene satisfactorily used in animal experiments to deliver genes into human hepatocytes, permiting an efficient into hepatocytes [12] [13] [14] and could be used as an alternative expression of the transduced gene, while keeping the to retroviruses for introducing genes into the human expression of the typical hepatic biochemical functions liver. Indeed, in vivo experiments in which adenoviruses studied basically unaltered. were intravenously injected into experimental animals have revealed that these vectors preferentially target the cytes, 75% confluent cultures were exposed to increasing in the metabolism experiments (MOI 15) the cell viability decreased by 48 h in approximately 8% (data not shown). amounts of infective viral particles (0 to 5 × 10 7 p.f.u./ml; 0-100 MOI per cell) for variable periods of time. Plates were washed twice with fresh culture medium and kept
Functional expression of the ␤-galactosidase gene in hepatocytes in a CO 2 incubator. Expression of ␤-galactosidase was periodically monitored by adding 4-methyl umbelliHepatocytes do not express ␤-galactosidase and, therefore, are unable to metabolize lactose. The cellular clone ferone-␤-galactoside to wells and measuring fluorescence in a microplate reader at 360 nm excitation, 460 nm emis-813 derived from the well differentiated human hepatoma HepG2 is strictly dependent on glucose for its sion. As can be seen in Figure 1a , after a lag period of about 24 h, ␤-galactosidase activity increased in transenergy supply. Consequently, these cells do not survive in either glucose-free medium or medium containing lacduced hepatocytes and reached a plateau 72 h after infection. The ␤-galactosidase activity of hepatocytes was tose. Infection of 813 cells with the recombinant adenovirus resulted in the expression of the reporter ␤-galactodependent on the concentration of viral particles used to infect cells (Figure 1a) . Effective gene transfer to hepatosidase enzyme. Engineered cells showed permeability to lactose and, upon incubation with 14 C-lactose, they cytes required a certain cell-virus contact time. Using an MOI of 2, a minimum of 120 min was required to detect accumulated 14 C-lactate in the culture medium ( Figure  4a ). The expression of the transgene made it possible for ␤-galactosidase activity. Increasing the MOI to 20 reduced the time needed for effective transduction to 15 the cells to grow in culture medium containing lactose as the unique carbohydrate source (Figure 4b ). min ( Figure 1b) .
To investigate the cellular distribution of the transduced gene, hepatocytes were infected for 1 h with Metabolic functionality of human hepatocytes transduced with the virus increasing MOI of AdCMV-␤Gal. After 48 h, cells were stained for ␤-galactosidase activity. In a parallel experiSeveral hepatic metabolic functions, namely glycogen metabolism, glycolysis, gluconeogenesis and urea synment, hepatocytes were transduced at an MOI of 15, the virus was allowed to stand in contact with the cells for thesis, were examined in cultured human hepatocytes infected with the adenovirus and compared with control increasing periods of time, and by 48 h the cells were stained for ␤-galactosidase activity. Light microscopy noninfected cells. Glycogen mobilization by glucagon, expressed as nmol glucose released to culture medium images were captured by a high-resolution video camera, digitized and the nuclear blue staining was quantified.
( Figure 5c ). The infection of between the hepatocytes and the virus (Figure 2b ). At the concentration of AdCMV-␤Gal selected for the metabhuman hepatocytes with the recombinant adenovirus resulted in an increase of the glycolytic rate of hepatoolism experiments (MOI 15) most cells metabolized X-gal and became blue stained (Figure 3a and b) .
cytes, determined as the accumulation of 14 C-lactate in the culture medium, but control experiments performed Cell viability was only slightly affected by adenovirus transfection. After 72 h, viability was reduced by 10-15% with hepatocytes infected with an E1-deficient adenovirus carrying no foreign genes (Adwt) demonstrated in cells infected at an MOI of 50. In the conditions used 
(a) AdCMV-␤Gal was added to cultures at an increasing MOI (0-100) and allowed to stand for 1 h; by 48 h, cells were stained to monitor enzyme activity expression. (b) AdCMV-␤Gal was added to cultures at an MOI of 15 and allowed to stand in contact with cells for variable periods of time (0-24 h). By 48 h, cells were stained for ␤-galactosidase activity. Results (number of cells stained and relative enzyme activity) are expressed as a function of the MOI (a) or contact time between hepatocytes and viruses (b).
that this effect was due to the presence of the adenovirus Figure 7 , the activities measured in engineered cells were very similar to controls. rather than to the expression of the transgene (Figure 5d ).
There was a trend toward a higher urea synthesis in infected hepatocytes than in the controls (387 ± 23 versus Induction of hepatic-specific genes in human 242 ± 32 nmol per mg × min, P Ͻ 0.05; data not hepatocytes expressing the ␤-galactosidase gene displayed).
To investigate whether the expression of inducible genes could be impaired by the presence of the transgene, Synthesis of plasma and cellular proteins by human hepatocytes expressing ␤-galactosidase activity hepatocytes were incubated either with interleukin-6 or methylcholForty-eight hours after adenovirus infection, human anthrene. In the former case, the synthesis of the hepatocytes were shifted to RPMI methionine-free inducible plasma proteins genes was examined after 20 h medium and incubated with 35 S-methionine for 4 h. Alistimulation with 100 U/ml rhIL-6 (20 ng/ml), labeling quots of culture medium were precipitated with trichlowith 35 S-methionine, and subsequent immunoprecipitroacetic acid and the radioactivity of the pellet was counation with specific antibodies. As shown in Figure 8a , the ted. As shown in Table 1 , the radioactivity was very induction of fibrinogen synthesis by IL-6 in adenovirussimilar in the control and infected cells: there was about infected hepatocytes was similar to that observed in non-10% more radioactivity associated with secreted proteins infected cells (4.4 versus 4.7 times their respective in the culture medium of infected cells than in controls. controls). The same behavior was observed with ␣ 1 -anti-A detailed analysis of the proteins present in the culture chymotrypsin (2.05 times in transduced cells versus 2.3 medium by immunoprecipitation with specific antibodies times in controls). revealed the presence of several major plasma proteins:
CYP1A2 is also an inducible hepatic gene. The incuhaptoglobin, ␣ 1 -acid glycoprotein, ␣ 1 -antitrypsin, bation of hepatocytes with methylcholanthrene profibrinogen, ␣ 1 -antichymotrypsin, albumin, transferrin, ␣ 2 -duced, as expected, an increase in ethoxyresorufin-␣-macroglobulin and fibronectin. These proteins were also deethylation activity. It is worth noting that the induction present in the culture medium of the transduced cells.
observed in adenovirus-infected cells was, in percentage, Their synthesis was essentially unaltered in hepatocytes close to that found in noninfected controls after identical expressing the ␤-galactosidase transgene (Figure 6a and exposure to methylcholanthrene (Figure 8b ). b and Table 1 ).
Drug-metabolizing activities in adenovirus-transduced

Discussion hepatocytes
The expression of cytochrome P450 activities was also Replication-defective adenoviruses seem to offer a promising approach to liver gene therapy, for these vectors can examined in human hepatocytes expressing the ␤-galactosidase transgene. The ␣-deethylation of resorufin mediate an effective expression of transgenes in nonactively dividing cells. 10 Adenoviruses do not integrate (associated with cytochrome P450 1A2) and the hydroxylation of testosterone (associated with cytochromes P450 into the hepatic genome and consequently can only induce a transient expression of the transgene, but in con-2A1, 2B6, 3A3/5), were used as markers for drug-metabolizing enzyme expression in hepatocytes. As shown in trast they might be free of the potential hazards biochemical functions as a consequence of the expression of the transgene were studied. The first problem to be addressed was the efficiency of cell transduction and the time required for the transgene to be expressed in human hepatocytes. The experiments presented in Figure 1a and b support the idea that a certain minimum exposure time cell-to-virus (approximately 15 min) is needed in order for hepatocytes to become effectively infected. Once this occurs, it takes them 48-72 h to express the transgene maximally. The expression of ␤-galactosidase activity followed a three-dimensional Gaussian distribution, and indicates that increasing the number of infective viral particles in culture medium results in a larger number of stained cells rather than in higher activity of each positive cell. Beyond a certain concentration of viral particles (MOI greater than 100), cell subpopulations showing greater activity per cell also became evident (Figure 2 ). Under the conditions selected for our metabolism studies (MOI 15) most cells effectively expressed the transgene as revealed by X-gal staining ( Figure 3) .
A second important question was whether the expressed transgene could be efficiently integrated into the metabolic network of hepatocytes. This was investigated in transduced human hepatoma cells 813. This well-differentiated hepatoma was selected because of its strict dependence on glucose for growth and its ability to take up lactose. The introduction of the ␤-galactosidase gene in these cells, via the adenovirus vector, resulted in a newly acquired ability to metabolize Figure 5c and d, the experience in human gene therapy is very restricted. 14, 15 In preparing its future clinical use, a key point is to invesexpression of the transgene increased the glycolytic rate while decreasing the gluconeogenic rate of infected hepatigate to what extent the introduction of a transgene by means of an adenovirus might influence the expression tocytes. The observed glycolytic rate is close to that of primarily cultured human hepatocytes 25 and much lower of tissue-specific genes. This problem has been examined using adult human hepatocytes as a biological model for than that determined in hepatoma cells (data not shown). Apparently, this minor alteration is due to the presence human liver, and a gene (␤-galactosidase) that is not expressed in hepatocytes. The recombinant adenovirus of adenovirus, rather than to the transgene (Figure 5d ), and may be reflecting a major energy demand of used in our work (AdCMV-␤Gal) is an E1-deficient type 5 adenovirus containing the constitutive cytomegalovirus infected cells. Another typical feature of hepatocytes is their ability (CMV) early gene promoter/enhancer, followed by a modified galactosidase including the SV40 large tumor to biotransform xenobiotics, which accounts for most of the organ's ability to detoxify foreign compounds. 26, 27 nuclear localization signal nls-LacZ, 13 the SV40 small T antigen intron and the polyadenylation signal. The
The results obtained in our experiments indicate that the activities so far examined, representative of cytochromes recombinant virus was prepared from homologous recombination in 293 cells of two plasmids pJM17 24 and 1A2, 2A1, 2B6 and 3A3/5, [28] [29] [30] were not substantially altered after adenovirus-mediated gene transduction pACCMV␤gal. After infecting human hepatocytes with the recombinant virus, changes in liver-specific ( Figure 7 ). 14 C-glucose and the appearance of 14 
Figure 4 Functional expression of the ␤-galactosidase transgene in hepatocytes. Human hepatoma cells 813 were infected with the adenovirus at an MOI of 15 for 60 min and kept in glucose-containing medium up to 48 h. After this period, cells were incubated with 14 C-lactose or
C-lactate in culture medium was monitored by paper chromatography analysis and autoradiography (a). (b) Cultures were maintained in glucose medium or shifted to glucose-free, lactose-containing medium. After 3 days, the cell number was determined in transduced cells as well as in controls.
It was also of interest to determine whether the preschanges in the expression of constitutive or inducible hepatic genes. Taken together, the results indicate that ence of foreign mRNAs could displace the translation of other constitutively expressed mRNAs and/or impair the replication-deficient adenoviral vectors, as they minimally disturb hepatocyte-specific functions, could expression of hepatocyte inducible genes. The synthesis and secretion of plasma proteins is a major metabolic become a good strategy for expressing exogenous genes in human hepatocytes. activity of hepatocytes. As shown in Figure 6a and b, the amount of proteins synthesized and secreted by hepatocytes did not change after adenovirus infection. The fact that the recombinant adenovirus is an E-1 defective virus
Materials and methods
and has a nonfunctional E-3 gene 29 is probably one of the reasons why the virus caused only minor metabolic interferences in host cells. But most interestingly, the Materials 4-Methylumbelliferyl ␤-d-galactoside (M-1633), 5-bromoexpression of the inducible genes CYP1A2 and fibrinogen was not altered. The former is inducible by methylchol-4-chloro-3-indolyl-␤-d-galactopyranoside (B-4252), ␣-glucoamilase (A-3042; specific activity 5000 U/ml) (Hoechst antrene, via a cytosolic receptor that is translocated to the nucleus where it activates gene transcription. 30, 31 Fibrino-33258 (B-2883)) and ␣-glucosidase (G-3651, specific activity 50 U/mg) were from Sigma (St Louis, MO, USA). gen synthesis increases in the course of the systemic inflammatory response and is induced by interleukin 6.
32
␤-Glucuronidase/arylsulfatase (Cat No. 127060, specific activity 5.5/2.6 U/ml) was from Boehringer (Mannheim, After binding the cytokine to a membrane receptor, transcription factors STAT 1 and 3 are phosphorylated and Germany). DMEM, Ham's F-12, Lebovitz L-15 culture media and fetal calf serum were from Gibco (Barcelona, translocated to the nucleus, bind to the corresponding promoters and activate acute-phase gene expression. 33, 34 Spain). Methionine-free RPMI-1640 was purchased from Seromed (Berlin, Germany) Antibodies to human plasma Our results indicate that none of these major gene activation mechanisms are seriously impaired in hepatocytes proteins were obtained from Dako (Roskilde, Dennmark). 35 S-Methionine (specific radioactivity 1183 Ci/mmol; carrying the recombinant adenovirus.
In summary, the results of our work demonstrate that: 43.77 TBq/mmol) was purchased from ICN (Irvine, CA, USA). D-(1-14 C) glucose (specific radioactivity 59 (1) adenovirus can rapidly and efficiently infect human hepatocytes and, by using an appropriate MOI, almost mCi/mmol; 1.85 GBq/mmol; Cat. No. CFA 349) and D-(1-14 C)-glucose lactose (specific radioactivity 54 100% of the hepatocytes can express the transgene after a short exposure to the virus; and (2) a functional level mCi/mmol; 1.85 GBq/mmol; Cat. No. CFA 278) were from Amersham (Madrid, Spain). of transgene expression can be achieved without major 
Cell line cultures
Culture of human hepatocytes Human hepatocytes were obtained from surgical liver Human hepatoma C-813 cells, a clone derived from the human hepatoma HepG2 cell line (EACC 850114330), biopsies (1-3 g) taken from patients undergoing cholecystectomy who gave their consent after information, in was cultured in DMEM supplemented with 5% fetal calf serum, 50 g/ml streptomycin and 50 mU/ml penicillin.
accordance with the Declaration of Helsinki. Cells were isolated by microperfusion of the tissue as described. 25 These cells were isolated in our laboratory by taking advantage of their strict growth dependence on glucose. Cellular viability was assessed by the trypan blue dye exclusion test and was usually 85-90%. Hepatocytes were The renal cell line 293 (ATCC CRL 1573) was cultured in high glucose (4.5 g/l) DMEM medium, supplemented seeded on fibronectin-coated plastic dishes (3.5 g/cm 2 ), at a density of 8 × 10 4 viable cells per cm 2 and cultured with 10% fetal calf serum and antibiotics. Human hepatocytes were infected with the recombinant adenovirus (AdCMV-␤Gal) at an MOI of 15 for 60 min, and let stand for 48 h. Cells were labelled for 4 h with 100 Ci/ml of L-( 35 S)-methionine in methionine-free RPMI-1640 culture medium. A sample of culture medium was precipitated with TCA and the radioactivity was counted. In parallel, an aliquot of culture medium was separated and immunoprecipitated with specific antibodies, and the immunoprecipitates were separated by SDS electrophoresis as detailed in the legend to Figure 6 . plemented with 2% newborn calf serum, 50 mU/ml penicillin, 50 g/ml streptomycin, 0.2% BSA and 10 −8 m insulin. One hour later the medium was changed and after
Transduction of human hepatocytes with adenovirus Increasing amounts of recombinant adenovirus AdCMV-24 h the cells were shifted to serum-free hormone-supplemented medium (10 −8 m dexamethasone and insulin). ␤Gal (0 to 5 × 10 7 p.f.u./ml; 0-100 MOI per cell) were added to 24 h cultured hepatocytes (75% confluency), which were then allowed to stand in contact with cells Preparation of recombinant adenovirus The E-1 deficient recombinant adenovirus AdCMV-␤Gal for a precise time (1 h, except when otherwise stated).
For metabolic experiments, hepatocytes were infected at was prepared by homologous recombination of plasmids pACCMV␤gal and pJM17 in 293 cells, as previously an MOI of 15. After infection, culture plates were repeatedly washed with fresh medium and kept in culture until described. 13 The first plasmid contained the constitutive cytomegalovirus (CMV) early gene promoter/enhancer, use. Culture medium was changed daily. followed by a modified galactosidase including the SV40 large tumor nuclear localization signal nls-LacZ, 35 the Microfluorimetric assay for ␤-galactosidase activity Adenovirus-infected cells, cultured on 96-well plates, SV40 small T antigen intron and the polyadenylation signal. The pJM17 plasmid is derived from Ad5-containing were washed twice with PBS, fixed with 75 l per well acetone:H 2 O (9:1) for 4 min and washed twice with PBS insertions and deletions in E-3 gene, 29 which results in a nonfunctional gene. 24 Viruses were propagated in 293 (100 l per well). The fluorogenic substrate 4-methyl umbelliferone ␤-d-galactoside (100 l per well) was cells; after infection, cells were kept in culture until lysis formed was monitored at 360 ± 40 nm excitation and 460 ± 40 nm emission, using a Cytofluor TM 2350 fluorescence reader (Millipore, Madrid, Spain).
Metabolic determinations in adenovirus-transduced hepatocytes Metabolic assays were carried out in 96-well plates containing about 25 000 viable cells per well, starting 48 h after adenovirus infection. Before conducting metabolic assays, plates were washed several times with warm culture medium to remove dead cells.
Cellular glycogen was enzymatically determined in microwells by in situ hydrolysis with ␣-glucoamylase and subsequent determination of the glucose. Briefly, cells were frozen and thawed twice and incubated for 2 h at 40°C in Na-acetate buffer 0.2 m, pH 4.8 with 0.25 IU ␣-glucoamylase per well. Plates were centrifuged at 1000 g for 10 min and 40 l of the supernatant was transferred to a 96-well microplate. The glucose formed was determined by the oxidation of ABTS by glucose oxidase. 36 To determine glycogen synthesis, cells were incubated with 30 mm glucose and 10 −8 m insulin for 6 h. Gly- cogen mobilization by hormones was determined in hepatocytes (2 h pre-treatment with 10 −7 m glucagon).
metabolites (androstenedione, 2␤-OH, 6␤-OH, and 15␤-OH testosterone)
Cells were shifted to glucose-free medium and incubated cytes was determined by measuring the formation of 14 Clactate from 14 C-glucose (3 Ci/ml). Aliquots of culture medium were separated by paper chromatography added to the wells. Reaction mixture contained one part of 15 mm citrate buffer pH 4.5, one part of 0.5% BSA and (DEAE cellulose pre-washed with 45% NH 4 OH solution; eluted with 52:33:15 n-butanol/ethanol/H 2 O, v/v/v). 2.5 parts of 1 mm substrate. Cells were incubated at 37°C. The reaction was stopped by the addition of 2 m glycine Radioactive spots were localized by autoradiography, excised and quantified. and the fluorescence of the 4-methyl umbelliferone 
